In Brief
It has been challenging to map leukocytes in the brain, particularly during pathology. Mrdjen et al. combine high-dimensional single-cell cytometry with fate mapping to capture the immune landscape of the brain. They identify different subsets of myeloid cells and the phenotypic changes in CNS immune cells during aging and in models of Alzheimer's disease and multiple sclerosis.
INTRODUCTION
The central nervous system (CNS) was long regarded as a site of limited immune surveillance due to the lack of obvious lymphatic vessels, the blood brain barrier (BBB), and slow transplant rejection (Murphy and Sturm, 1923; Shirai, 1921) . However, the CNS is a compartmentalized organ comprising the parenchyma, the ventricles containing the choroid plexus and cerebrospinal fluid (CSF), the meningeal layers that envelop the parenchyma, and several ''absolute'' (BBB) and semi-permeable barriers (blood-CSF, blood-leptomeningeal) (Shechter et al., 2013) . It is now clear that the level of steady-state immune privilege varies dramatically between compartments.
The parenchyma appears to be the most immune-privileged compartment within the CNS, and in the steady state the only resident leukocytes are microglia: specialized macrophages that are seeded into the brain during embryogenesis (Ginhoux et al., 2010; Schulz et al., 2012) , where they contribute to neuronal synapse sculpting and immune surveillance (Colonna and Butovsky, 2017; Prinz and Priller, 2014; Salter and Beggs, 2014) . Outside the parenchyma, immune surveillance is mediated by bone-marrow-derived dendritic cells (DCs) (Greter et al., 2005; Kivis€ akk et al., 2009 ) and CNS border-associated macrophages (BAMs), which line the meninges, choroid plexus, and perivascular spaces (Bechmann et al., 2001) and have recently been shown to also be embryonically derived (Goldmann et al., 2016) .
During neuro-inflammation, the immune landscape of the CNS changes dramatically; resident immune cells become activated and the parenchyma can be infiltrated by inflammatory leukocytes from the periphery. CNS-resident phagocytes must present cognate self-antigen to encephalitogenic T cells during the course of experimental autoimmune encephalomyelitis (EAE), a murine model of multiple sclerosis (MS) (Schreiner et al., 2009) . Several studies assign this role either to DCs or BAMs during the initiation of EAE (Greter et al., 2005; Kivis€ akk et al., 2009; Schl€ ager et al., 2016) . Also, during aging, inflammation in the brain gradually increases, a process termed ''inflammaging'' (Deleidi et al., 2015) , and CNS leukocytes may also play a role in age-related inflammation and neurodegeneration (Baruch et al., 2013; Prokop et al., 2015; Ritzel et al., 2016) .
Despite the importance of CNS-resident leukocytes in these disease processes, our ability to fully characterize these populations and to understand their distinct functions has so far been limited: at present, reliable discrimination of microglia and BAMs (both express low levels of CD45 compared to other leukocytes) can be achieved within tissue sections only by immunohistochemistry methods, where their distinct patterns of localization (parenchyma versus CNS border regions) provide a surrogate for their identification (Goldmann et al., 2016) . Moreover, a clear distinction between BAMs and DCs within cohabited CNS compartments remains challenging. This problem is compounded by the phenotypic changes that occur during various CNS pathologies. For instance, during neuroinflammation, the invasion by peripheral leukocytes makes it virtually impossible to unambiguously discriminate blood-derived leukocytes from tissue-resident populations (Greter et al., 2015) .
Here, we describe an approach that overcomes many previous localization-and imaging-dependent limitations to identify and characterize immune cells within the murine CNS. We created a high-dimensional single-cell proteome atlas of immune populations using high parametric mass cytometry (Bandura et al., 2009; Becher et al., 2014) combined with location information from immunohistochemistry (IHC) and verified by 22-color fluorescence cytometry and reporter and fate-mapping systems. We uncovered the existence of cellular subsets within CNS-resident phagocyte populations at steady state and further defined the entire immune landscape during aging, neurodegeneration, and neuroinflammation, highlighting the differences and similarities between these different forms of CNS pathology. This comprehensive immune cell atlas of the mammalian CNS will enable the study of individual leukocyte populations and their roles in CNS development, homeostasis, and disease.
RESULTS

The Steady-State CNS Contains Diverse Resident Immune Cell Populations
We employed an integrated set of strategies to enable mapping of the immune cell populations within the murine CNS, as shown in Figure 1A . To capture the complexity of cellular phenotypes, we designed a 43-heavy metal isotope-tagged surface antibody panel for mass cytometry (Table S1 ). Mass cytometry data were further complemented by 22-color fluorescence cytometry, and the location of specific cell populations within the CNS was analyzed by IHC.
We first interrogated the steady-state CNS in 8-week-old C57BL/6 mice. To give an overview of all immune populations present, mass cytometry data was visualized in a t-SNE map and cells categorized by FlowSOM-guided clustering (Figures 1B, 1C, and S1A; Hartmann et al., 2016) . This approach revealed a substantial amount of complexity of leukocytes within the normal CNS: microglia and other macrophage-like cells, several types of monocytes (Ly6C hi and Ly6C lo monocytes and monocyte-derived cells [MdCs] ), as well as classical DCs (cDCs), plasmacytoid DCs (pDCs), B cells (CD24 + and CD24 À , see Figure S1A ), T cells, natural killer (NK) cells, NKT cells, innate lymphoid cells (ILCs), eosinophils, and mast cells. Traditional manual gating of the mass cytometry data confirmed the identity of these cell populations ( Figure S1B Figures 1C and S1A ). Using IHC, Goldmann et al. (2016) recently described a population of embryonically derived macrophages with a microglialike phenotype that occupy distinct locations, namely the border regions of the CNS in contrast to the parenchyma where only microglia reside. We hypothesized that the non-microglia macrophage-like cells identified in our unbiased analysis were in fact BAMs. These BAMs are virtually indistinguishable from microglia using conventional (CD45 versus CD11b) gating strategies ( Figure S1B ).
To confirm this and the identities of the other cell populations present, we first used functional assays that exploit characteristic cell type-restricted responses to different stimuli. We treated mice with either an antagonistic colony-stimulating factor 1 receptor) (CSF1R) antibody to deplete tissue-resident macrophages and Ly6C lo monocytes, but not microglia (which are likely protected by the BBB) or Ly6C hi monocytes (Hoeffel et al., 2015) , or with the recombinant growth factor Flt3L, which specifically expands DCs (Maraskovsky et al., 1996; Anandasabapathy et al., 2011) . Indeed, anti-CSF1R treatment depleted the cells we identified as BAMs and Ly6C lo monocytes but had no effect on other cell types ( Figure 1E ). The depletion of BAMs further confirms their location within the border regions of the CNS where the vasculature has different barrier properties to the BBB of the parenchymal vasculature (Engelhardt et al., 2017) . Flt3L treatment in turn increased the frequency of DCs, as well as Ly6C hi monocytes and MdCs (after 9 days of treatment, the bone-marrow monocyte progenitors are also targeted), while having no effect on microglial, BAM, or Ly6C lo monocyte populations ( Figure 1E ), thus functionally confirming our algorithm-guided population identification.
To determine whether the leukocytes we detected in the CNS were within the tissue itself or within the lumen of vessels or capillaries, we intravenously injected fluorescently (PE)-labeled anti-CD45 antibodies (Anderson et al., 2014) . More than 98% of control blood leukocytes were labeled with anti-CD45-PE, while only 5% of CNS leukocytes were labeled ( Figures  S2A-S2C) ; thus 95% of all CNS leukocytes identified are bona fide extra-vascular CNS-resident cells. Neutrophils constituted the third largest leukocyte population in the CNS, 81.8% ± 3.0% being unlabeled and therefore tissue resident (Figures S2D and S2E) . Tissue sections revealed neutrophils predominantly within the dura mater ( Figure S2F ), as well as the pia mater and the ependyma (data not shown) of the steady-state CNS. Together, our analysis of the steady-state CNS revealed multiple immune cell populations residing within CNS compartments, including a subset of microglia-like BAMs.
BAMs Are CNS-Resident Macrophages that Are Distinct from Microglia
We used our mass cytometry data to design a 22-color antibody panel for fluorescence cytometry (Table S1 ) that identified all the major leukocytes in the CNS. This allowed us to use genetic reporter and fate-mapping experiments aimed at determining the relationship between BAMs, microglia, and CNS DCs. To compare the mass and fluorescence cytometry datasets and their ability to identify the same cell populations, we employed force-directed analysis to generate a Scaffold map (Spitzer et al., 2015) : we first modeled a reference map of CNS leukocytes from our mass cytometry data, using manually gated populations as landmark nodes (in colors) and the initial 100 FlowSOM nodes (before metaclustering) as unsupervised nodes (in gray) (Figure 2A) . Mapping the flow cytometry data onto this mass cytometry-based Table S1 . Error bars represent range.
reference map showed that cells within unsupervised nodes that grouped around the landmark nodes had the expected expression profiles and were present at similar frequencies to those in the original reference map ( Figures 2B and 2C ).
We then examined cells from the CNS of Sall1 GFP reporter mice. Sall1 is a transcription factor expressed by microglia in adult mice, and in Sall1 GFP mice the green fluorescent protein (GFP) is produced along with real-time expression of Sall1 (Buttgereit et al., 2016) . We found that GFP expression in Sall1 GFP mice was exclusive to microglia, and Sall1 did not label BAMs or cDCs ( Figures 2D and 2E and as a clustered t-SNE in Figure S3A) . Thus, in addition to the phenotypic distinctions between BAMs and microglia revealed by mass cytometry, we confirmed Sall1 as a key transcription factor, which can be used to distinguish these closely related cell populations and further confirmed that our cluster assignment of microglia and BAMs as separate populations was correct. Microglia and the majority of BAMs are long lived (Goldmann et al., 2016) while DCs are bone-marrow derived and short lived (Merad and Manz, 2009 
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of BAMs, and less than 10% of DCs were RFP + (Figures 2F and 2G) . Most BAMs retained the RFP label, as a result of the earlier tamoxifen treatment, whereas most DCs lost RFP expression. Hence, we concluded that CX3CR1 + BAMs are replaced more slowly than CX3CR1 + DCs. This differential longevity combined with the lack of Sall1 expression by non-microglial cells confirms that the high-dimensional map produced here corresponds to the predicted ontogeny of CNS leukocytes.
Specific BAM Subsets Are Enriched in Distinct CNS Compartments
Now that we could reliably discriminate BAMs from microglia and DCs, we conducted an in-depth BAM phenotype analysis. This revealed expression of the macrophage-associated markers MerTK, CD64, and F4/80, as well as CD16/32 (Figure 3A) , and absence of the DC, monocyte, and microglia markers CD11c, Ly6C, and Siglec-H, respectively. Further, we identified four BAM subsets based on differential expression of CD38, MHCII, and CCR2: subset 1 (CD38 Figure 3D ). The majority of BAMs (75.7% ± 1.2%) were situated within subset 1, while subsets 2, 3, and 4 comprised 7.6% ± 0.8%, 7.2% ± 0.2%, and 9.4% ± 1.2% of total BAMs, respectively ( Figure 3E ). Subsets 3 and 4 were almost identical but differed in the amount of CCR2, CD44, and CD206. To understand the full heterogeneity and distinct high-dimensional phenotypes of the four BAM subsets at the single-cell level, we employed categorical One-SENSE analysis (Cheng et al., 2016) , where the y axis represents the lineage profile, the x axis represents an activation marker profile ( Figure 3F ), and co-regulation of marker expression is also shown, e.g., CD206 expression was high on subset 1 but decreased as the activation markers MHCII and CD44 increased toward subsets 2, 3, and 4 while high expression of other macrophage markers like CD64 was maintained. We then used confocal microscopy to ask whether these subsets are enriched in specific compartments of the CNS. The available anti-mouse CD38 performed poorly in IHC, but using fluorescence cytometry we found that Lyve1 and CD38 expression closely overlapped (Figures 3G and S4A) and therefore that Lyve1 was a suitable surrogate for CD38 on BAMs. As lymphatic vessels also express Lyve1 and are present in the dura mater (Louveau et al., 2015) , we also stained for collagen IV, which is expressed on vessels but not BAMs. Combining Lyve1 or MHCII with the macrophage marker Iba-1, we located BAMs within the pia mater, perivascular space, choroid plexus, and dura mater and showed that they express CD206, as previously shown (Figure S4B ; Goldmann et al., 2016) . By histology, we identified three BAM subsets in these regions using differential Lyve1 and MHCII expression ( Figure S4C ). The initial CyTOF-identified subsets 3 and 4 are merged here. Of note, Lyve1 were present in all locations. Only MHCII + BAMs, enriched in the choroid plexus and dura mater, expressed CCR2 + ( Figure 3B ) (subset 4), consistent with their proposed high turnover rate and replacement by CCR2 + bone marrow-derived cells within the choroid plexus (Goldmann et al., 2016) . Together, these data showed that BAMs are heterogeneous macrophages that can be divided into subsets based on their distinct expression of CD38 and MHCII and are specifically enriched in different CNS compartments. The phenotypic variations of BAMs across the CNS may reflect functional differences and could be shaped by cues from their specific local microenvironments.
Heterogeneous Subsets of DCs Exist in the CNS
In addition to BAMs, DCs also localize in the CNS border regions and are considered to be the prime antigen-presenting cells (APCs) at these sites (Anandasabapathy et al., 2011; Greter et al., 2005) . In other tissues, DCs exist as functionally and phenotypically distinct subsets but little is known of the DCs associated with the CNS. We used our mass cytometry datasets to perform an in-depth phenotypic characterization of CNS-associated DCs ( Figure 4A ). We identified three main DC subsets corresponding to cDC1s, cDC2s, and pDCs ( Figure 4B ), differentiated by their expression of CD11b (or CD172) and CD24 ( Figure 4C ). In addition, Ly6C, B220, or Siglec-H confirmed the pDC identity of subset 6. The cDC2 population was heterogeneous and could be further separated into CD24
(subset 3), and PDL1 + cDC2 (subset 4), while cDC1s (subset 5) Figure 4D ). As in most other organs (Guilliams et al., 2016) , cDC2s were relatively more abundant than cDC1s ( Figure 4E ). The lineage markers and activation profiles of these subsets were again fully revealed using categorical One-SENE ( Figure 4F ). We localized 
CD11c
+ MHCII + DCs of the CNS by confocal microscopy only in the choroid plexus, pia mater, and dura mater, and not in the perivascular space ( Figure 4G ), suggesting that these DC-enriched compartments may serve as entry sites for MHCdependent T cells.
As we have shown that CNS cDC2s exist with some heterogeneity in their surface phenotype, we sought to confirm their inherent identity compared to cDC1s. Both cDC2s and cDC1s expanded to a similar extent with Flt3L treatment ( Figure 4H ) and moreover cDC1s were IRF8 hi IRF4
int and cDC2s were IRF8 À IRF4 hi ( Figure 4I ), as previously predicted (Guilliams et al., 2016) . The apparent heterogeneity of cDC2s has also been noted at other organs such as the lung (Schlitzer et al., 2013) and heart (Clemente-Casares et al., 2017). Thus, our mass cytometry analysis of CNS-associated DCs revealed the presence of the three main DC subsets also represented in other organs of the body. This strengthens the notion that also in the CNS, DCs are the prime APCs among all resident leukocytes and vital for the homeostatic immune surveillance of the CNS.
Aging and Neurodegenerative Disease Change the CNS Immune Cell Landscape
Aging has profound effects on the entire CNS landscape. We therefore asked how the immune cell populations in the CNS changed in aged mice by comparing geriatric mice aged 1.5 years with younger adult mice aged 2 months. We first noted a substantial increase in the frequency of T cells from 1.5% ± 0.9% in adult mice to 11.1% ± 4.2% in geriatric mice, while NKT cells and pDCs were significantly less frequent in geriatric mice (p = 0.028 and 0.029, respectively) ( Figures 5A and 5B Figure 5C) ; alongside, the frequency of CD24 + cDC2s decreased, while CD135 + cDC2s were more abundant in geriatric mice ( Figure 5D ). We found a phenotypic signature in a subset of microglia in geriatric mice which expressed high levels of CD11c and CD14 ( Figure 5E ). Aging is a major risk factor for neurodegenerative diseases, and changes in microglial morphology precede pathology in Alzheimer's patients (Perry and Holmes, 2014; Streit et al., 2009 ). We therefore asked whether the age-related changes in leukocyte populations and the age-associated microglial phenotype in particular were present in a murine model of Alzheimer's disease (AD). We compared the plaque-harboring cortex with the non-plaque-harboring cerebellum (internal control) of 4-month-old APP/PS1 mice (Radde et al., 2006; Vom Berg et al., 2012) , and age-matched WT littermates (external control). We found that, as in much older geriatric mice, the frequency of T cells was increased in the plaque-harboring cortex of AD-prone mice ( Figure S3A) ; while, in contrast to geriatric mice, the subset distribution of BAMs was unaltered in AD-prone mice ( Figure S3B ), suggesting it to be a phenomenon observed during normal aging.
We also detected a phenotypic signature in a subset of microglia in AD-prone mice that resembled microglia in geriatric mice in the expression of CD11c and CD14 (among other markers, data not shown), and which was absent in WT littermate controls ( Figure 5F ). Approximately 11.9% ± 6.5% of microglia had this signature in geriatric mice, compared to virtually zero in young adult mice, and approximately 13.2% ± 1.7% in the plaquebearing cortex of AD-prone mice, while these cells were almost undetectable in the unaffected cerebellum and in WT littermate cortex or cerebellum ( Figures 5G and S3C) . A similar subset of microglia was also described by Keren-Shaul et al. (2017) by sc-RNaseq in 5XFAD mice. We located these CD11c + microglia around Ab plaques in APP/PS1 mice ( Figure S3D ). The full signature of these reactive microglia compared to non-reactive microglia in geriatric mice (fold change) shows that, in addition to increased phagocytosis-associated markers CD11c and CD14, there was an accompanying increase in activation markers CD86 and CD44 and the inhibitory ligand PDL1 ( Figure 5H ). MHCII expression increased slightly while expression of microglial homeostatic checkpoint markers CX3CR1, MerTK, and Siglec-H decreased. This phenotypic change within the small age-and AD-associated subset represents a switch from a homeostatic microglial program to a ''reactive'' signature that displays an activated, phagocytic profile (Hanisch and Kettenmann, 2007; Krasemann et al., 2017) .
Autoimmune-Neuroinflammation Results in Leukocyte Invasion and Global Changes in the CNS Immune Landscape
We induced EAE in adult C57BL/6 mice and compared the immune cellular composition of the CNS at the peak of disease with steady-state control mice ( Figures 6A and S6A ). Analyzing the frequencies (Figures 6B and S6C ) and cell numbers (Figure S6C ) of CNS leukocytes, we found that the majority of infiltrating cells were MdCs, followed by T cells.
Microglia were highly reactive during EAE and exhibited a markedly different phenotypic signature than in the steady state, as evidenced by their change in localization on the t-SNE map ( Figure 6A ). The microglial identity of these highly reactive cells during EAE was confirmed in Sall1 GFP reporter mice (Figures 6C and S6D) . We then conducted an in-depth analysis of the phenotypic changes in microglia in response to EAE inflammation: once again, expression of microglial homeostatic checkpoint markers CX3CR1, MerTK, and Siglec-H was reduced, and expression of markers CD44, CD86, PDL1, and CD11c increased, as similarly observed in geriatric mice. However, in contrast to age-and AD-associated microglia, CD14 expression decreased during EAE and an increase in MHCII and Sca-1 was observed ( Figures 6D, 6E , and S6E). The conversion from the homeostatic microglial signature to a highly reactive state signature was also evident when comparing lineage and activation profiles using categorical One-SENSE ( Figure 6F ). Here and in the t-SNE map ( Figures 6A and S6E) , there are very few EAE microglia that are located in the same area as steadystate microglia. This is because of a shift in both the lineage and activation profiles of the entire microglia population. Of note, this phenotypic change affects the entire microglial population homogeneously, which is in stark contrast to the small subset of reactive microglia in aging and neurodegenerative disease. BAMs, MdCs, and DCs share a number of lineage markers. Interrogating their profiles more closely in EAE, we found that MdCs, monocytes, and cDCs were more similar to each other while BAMs and pDCs were distinctly separated on the t-SNE map ( Figure S7A ). We used Cx3cr1
CreER Rosa26-RFP EAE mice to validate that BAMs and MdCs were indeed identified correctly. At peak EAE, as in steady state, only microglia and BAMs were RFP + ( Figures 7A and S7B) . However, the number of total and RFP + BAMs decreased during EAE relative to steady state and BAMs became outnumbered by infiltrating MdCs (Figures 7B and S6C) . As with microglia, the phenotype of all BAMs was altered in EAE ( Figure 7C ): inflammation led to increased expression of MHCII and the activation markers CD44 and Sca-1, as well as PDL1, CD117, and CD11c ( Figure 7D ). Ly6C hi monocytes invade the CNS parenchyma and differentiate into inflammatory and pathogenic MdCs during EAE (Codarri et al., 2013; Croxford et al., 2015a Croxford et al., , 2015b Yamasaki et al., 2014) . This differentiation program is supported by our data as Ly6C hi monocytes did not yet undergo inflammationinduced phenotypic changes ( Figure S7A ), while MdCs were highly activated, expressing Sca-1, MHCII, PDL1, CD11a, CD86, CD38, CD14, and CD16/32 and a macrophage-like lineage profile ( Figure 7E ). This profile has previously rendered them hard to distinguish from microglia and BAMs. We also distinguished cDC subsets and pDCs and show their lineage and activation profiles during peak EAE ( Figure 7F ).
Finally, we defined a myeloid panel of 12 markers within our mass cytometry data to clearly discern reactive microglia, BAMs, MdCs, and cDCs even in the inflamed CNS ( Figure 7G) . Together, our analysis shows that CNS-resident myeloid cells become highly activated during neuroinflammation but can still be distinguished from macrophage-like invading MdCs, confirming the utility of our high-dimensional myeloid immune atlas as a valuable resource for marker combinations allowing mapping of cellular subsets in downstream analyses.
DISCUSSION
We have systematically characterized the leukocyte landscape within the mammalian CNS under a range of conditions. While lymphocyte populations can be readily identified via expression of unique canonical antigens, and recent reports have begun to characterize them in the steady-state CNS (Korin et al., 2017) , CNS myeloid cells have proven highly challenging to study. The CNS myeloid compartment is the largest CNS-resident immune cell population and has been implicated in multiple aspects of CNS health and disease, including MS, AD, dementia, and Parkinson's disease, as well as psychiatric diseases and behavioral disorders like schizophrenia, autism, and depression (Herz et al., 2017; Kettenmann et al., 2013; Prinz and Priller, 2014) . Using high-dimensional cytometry in combination with neural-network based algorithms, we identified microglia, BAMs, DCs, and monocytes as separate populations by extensive surface protein phenotyping. These data were corroborated by functional, genetic, and fate-mapping approaches.
Interrogating these cells in the high-dimensional space led us to uncover four previously uncharacterized BAM subsets, distinguished by differential expression of CD38 or Lyve1, MHCII, and CCR2. It is likely that the CCR2 + subset (subset 4) represents a fresh hematopoietic myeloid cell to replace the BAMs that accumulate in the choroid plexus (Goldmann et al., 2016) (Aspelund et al., 2015; Louveau et al., 2015) . With our surface protein profile of BAMs, it is now possible to purify their subsets for detailed study into their potential roles in, e.g., vascular maintenance, immune suppression, or activation. Besides BAMs, we were also able to discern multiple subsets of DCs within the steady-state CNS. Future studies should determine which of the identified CNS DC subsets sample CNS antigens and migrate to the draining cervical lymph nodes to activate naive T cells or Treg cells to maintain immune suppression. This is relevant during homeostasis, CNS infections, and neurodegeneration, where self, foreign, or pathogenic proteins may accumulate within the CNS parenchyma and meninges (Kalaria et al., 1996) .
We extended our analysis to pathologic processes of aging and neurodegenerative disease. We identified a specific subset of reactive microglia associated with aging and AD. As we observed this microglial phenotype in geriatric WT mice and in relatively young APP/PS1 mice, this indicates that it may arise due to a specific response to cues from the local microenvironment rather than from cell-intrinsic aging. These cues may be similar in geriatric and APP/PS1 mice, e.g., myelin fragmentation (Safaiyan et al., 2016) , protein accumulation (David, 2012) , neurodegeneration (Krasemann et al., 2017; Wyss-Coray, 2016) , and/ or increased inflammatory mediators (Deleidi et al., 2015; Heppner et al., 2015) . This is particularly supported by the increase in CD14 expression as CD14 is the co-receptor to the toll-like receptor 4 (TLR4) and together these receptors can be activated by amyloid-b (Reed-Geaghan et al., 2009) and upregulated by inflammatory cytokines like TNF-a (Zanoni et al., 2011) . A recent report using sc-RNaseq of microglia showed that disease-associated microglia appear with disease progression in 5XFAD mice and have a phagocytic transcriptome signature (Keren-Shaul et al., 2017) . However, regulation of mRNA and the encoded protein can differ dramatically and sc-RNaseq will, depending on the analysis depth, detect only abundant transcripts (Peterson et al., 2017) . In support of this notion, many of the proteins we and others use to describe the CNS immune landscape did not overlap with the public sc-RNaseq data (https://www.ncbi. nlm.nih.gov/geo/query/acc.cgi?acc=GSE98969) (Keren-Shaul et al., 2017) . Thus, our analysis provides surface protein markers, which can be targeted with commercially available mAbs, enabling cell isolation for further studies.
In contrast to neurodegenerative diseases, neuroinflammation is accompanied by a massive influx of immune infiltrates and dramatic changes in the CNS landscape. A recent report (Korin et al., 2017) suggested that all cells that are CD45 hi in the steady-state CNS are ''CNS infiltrates.'' However, leukocytes in the steady-state CNS do not necessarily need to be immigrants. CNS infiltration into the parenchyma is a hallmark of neuro-inflammation . Furthermore, Korin et al. (2017) state that CD44 is a marker that distinguishes CNS-infiltrating cells from CNS-resident cells. In contrast, we found CD44 to be clearly expressed by steady-state CNS-resident leukocytes and further upregulated by microglia and BAMs during EAE, and by reactive microglia in aging and AD. Hence, our data suggest that CD44 alone is not a reliable marker to distinguish CNS-infiltrating cells from CNS-resident cells.
During EAE, we were able to discriminate subsets of infiltrating and resident myeloid cells and show that MdCs displayed a homogeneous macrophage-like phenotype, consistent with their role in myelin degradation and phagocytosis during EAE Yamasaki et al., 2014) . In contrast to high numbers of MdCs and cDCs, BAM numbers decreased during EAE, supporting the notion that tissue-resident macrophage numbers decline with the influx of peripheral inflammatory monocytes (Davies et al., 2013) . At peak disease, BAMs lost their heterogeneity and almost exclusively co-expressed CD38 and MHCII. This BAM signature was also seen in geriatric mice to a lesser extent and may reflect a universal activation profile.
During EAE, microglia became skewed toward an entirely inflammatory phenotype. This phenotype bore some similarities to the signature in aging and AD-prone mice and may also in part represent a universal disease-associated microglial signature, as recently proposed (Krasemann et al., 2017; Zrzavy et al., 2017) . However, EAE microglia also differed from the age and AD phenotype: EAE microglia dramatically upregulated MHCII and Sca-1, both IFN-g-responsive genes, reflecting an interaction of microglia with CNS-invading T cells. Conversely, they did not upregulate CD14 while ageand AD-associated microglia did. In addition, the fact that the entire microglial population in the brain parenchyma became homogeneously reactive during EAE, compared to a small subpopulation of responsive microglia during aging and AD, is likely due to the great amount of cytokines and other inflammatory mediators delivered to the CNS by invading leukocytes during EAE . This also suggests that inflammatory EAE lesions affect microglia across the entire brain parenchyma even if they accumulate in the spinal cord, as is the case in EAE. Whereas we assume that microglia are not pathogenic per se, these global inflammation-induced changes in microglia may contribute to disease chronification, neurodegeneration, and brain atrophy, as observed in diseases like MS. In contrast, during aging and AD, the vast majority of microglia do not respond, demonstrating that neurodegeneration alone does not lead to the massive immune cell and cytokine influx into the CNS as seen in bona fide inflammatory diseases such as MS.
Taken together, our atlas identified distinct subsets of BAMs, steady-state and reactive subsets of microglia, and CNS DC subsets. We confirmed their identities by reporter and fate mapping, ontogeny, and responsiveness to growth factors. Using our steady-state map to interrogate the same leukocytes during pathology, we defined robust signatures for BAMs and microglia (G) Expression levels of distinguishing markers between microglia, BAMs, MdCs, and cDCs during peak EAE. ***p value significant (< 0.05) with a BH FDR < 1%. Error bars represent range. See also Figure S7 .
during aging, neurodegeneration, and neuroinflammation. This atlas can now be used to target and isolate CNS leukocyte subsets with cell-surface protein markers in steady state and their specific disease-associated forms across pathologic conditions, thus enabling further studies into the role of these cells in maintaining CNS homeostasis and in the initiation or resolution of CNS disease.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
DECLARATION OF INTERESTS
littermate controls, aged 4 months were kindly provided by F. Heppner (Charité -Universit€ atsmedizin Berlin). All animal experiments performed in this study were approved by the Cantonal Veterinary Office Zurich.
METHOD DETAILS
In vivo treatments and EAE induction Anti-CSF1R (clone AFS98) was administered by intraperitoneal (i.p.) injection on day 0 (2 mg) and day 2 (1 mg), diluted in PBS, and mice were euthanized on day 9. A 10 mg dose of Flt3L was administered i.p. daily for 9 days, after which mice were euthanized. Tamoxifen (Sigma) was dissolved in ethanol and corn oil to 25 mg/ml and administered in 200 mL doses via oral gavage (5 mg/dose) to Cx3cr1
CreER Rosa26-RFP mice every second day for 8-10 days. After 5 weeks mice were either euthanized or immunized for EAE induction: Cx3cr1 CreER Rosa26-RFP mice (5 weeks after tamoxifen administration) or C57BL/6 mice (aged 8 weeks) were injected with MOG 35-55 peptide emulsified in Complete Freund's Adjuvant sub-cutaneously (s.c.) and Pertussis toxin i.p., and scored, as previously described (Mrdjen et al., 2017) . Peak of disease was defined when mice reached a score of 3-4 at approximately 14 days after immunization.
Tissue harvesting and cell preparation Mice were sacrificed by injection of pentobarbital (50 mL at 300 mg/ml) i.p. and transcardiac perfusion was performed with PBS and heparin (5 u/ml). The CNS was harvested and the dura mater was removed from the skull and included in the sample. The complete CNS samples (including meninges and choroid plexus) were processed into single cells as previously described (Mrdjen et al., 2017) : briefly, the CNS was cut into small pieces in an eppendorf tube and incubated with digestion buffer (RPMI supplemented with 2% FBS, 2 mM HEPES, 0.4 mg/ml Collagenase D and 2 mg/ml DNase) for 30 minutes at 37 C, shaking. Enzymatic digestion was stopped with EDTA (5 mM), the sample was homogenized with a syringe and the homogenate was filtered through a 70 mm cell strainer. This was followed by gradient centrifugation with 30% Percoll (GE Healthcare Life Sciences) in PBS (v/v) (23'500 x g for 30 minutes at 4 C without brakes), removal of myelin with a suction pump and filtration to generate a single-cell suspension. The samples were then ready for staining with mass-or fluorescence cytometry antibodies.
Mass cytometry
Mass cytometry antibodies were either labeled in-house using antibody-labeling kits and protocols purchased from Fluidigm. Antibodies were individually titrated and optimized as into the final panel prior to use, ensuring that each parameter was informative. We used 5 palladium metal isotopes for live cell barcoding of samples with CD45 (Mei et al., 2015) , while keeping CD45-147Sm as a common channel to clearly identify cells expressing varying degrees of CD45, such as microglia, as previously described (Mrdjen et al., 2017) . Briefly, individual samples from steady-state adult, steady-state geriatric and peak EAE adult C57BL/6 mice were incubated with respective CD45-Pd + CD45-147 Sm antibodies in PBS for 30 minutes at 37 C after which they were washed twice with FACS buffer (PBS supplemented with 0.5% BSA), then combined into composite samples. In another experiment, the forebrain and hindbrain were taken from 4-month-old APP/PS1 or littermate control mice, barcoded separately, and combined into composite samples. We used one barcoding CD45-Pd per group in combination with CD45-147 Sm in order to avoid epitope saturation and maintain signal intensity, and were therefore able to barcode 5 samples from separate groups per composite sample. This was followed by incubation of the composite samples with the cocktail of primary panel antibodies (Table S1) for 30 minutes at 37 C, washing with FACS buffer and then incubating with secondary antibodies for 20 minutes at 4 C. After washing, samples were incubated with intercalating solution (Iridium (Sigma) in MaxPar Fix/Perm buffer (Fluidigm)) overnight at 4 C. Prior to acquisition, the samples were washed twice with FACS buffer and once with MilliQ water. Barcoded composite samples were acquired on a Helios mass cytometer (Fluidigm). Quality control and tuning processes on the Helios were performed on a daily basis before acquisition. Data from different days and across acquisition time was normalized by adding five-element beads to the sample immediately before acquisition and using the MATLAB-based normalization software, as described previously (Finck et al., 2013) .
Fluorescence cytometry
Samples were incubated with primary antibodies in PBS for 30 min at 4 C, washed with PBS and incubated with secondary antibodies for 20 min at 4 C. After washing, cells were fixed and permeabilized with 100 mL BD Cytofix/CytopermÔ (containing 4.2% Formaldehyde) for 20 min at 4 C, and washed with Perm buffer (PBS with 0.1% saponin) before intracellular labeling which was performed for CD3, CD4 and CD8 in Perm buffer for 30 min at 4 C, with final washing in Perm buffer. Samples were resuspended in PBS and analyzed by flow cytometry with a FACSymphonyÔ cell analyzer. Before acquisition, PMT voltages were adjusted manually in order to reduce fluorescence spillover, and single-stain controls were acquired for compensation matrix calculation.
Tracking intra-vascular cells in the CNS
In order to label intra-vascular cells within the steady state CNS we injected PE conjugated anti-CD45 (7.5 mg in PBS) i.v. into adult C57BL/6 mice and euthanized them after 3 minutes, performed transcardiac perfusion and harvested the CNS, as previously described (Anderson et al., 2014 ). Single cell suspensions were then stained with fluorescence cytometry antibodies.
Immunohistochemistry for BAMs C57BL/6 mice were transcardially perfused with PBS and heparin (5u/ml) followed by 2%-4% (wt/vol) paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4). The CNS, excluding the dura mater, was further fixed for 6-12 hours at 4 C and rinsed with PBS followed by cryoprotection with 30% (wt/vol) sucrose in PBS. Samples were embedded in OCT (Medite). Cryo-sectioning was performed with a thickness of 12-30mm using a Hyrax C60 cryostat (Zeiss). The dura mater was fixed for 2-4 hours at 4 C followed by removal from the skull, direct placing onto superfrost plus slides (Thermo Scientific) and storage at À20 C. For quantification of BAM, subsets the choroid plexus was removed from the CNS after fixation and also directly placed onto slides. CNS tissue sections, dura mater and choroid plexus mounts were permeabilized by incubation in blocking solution (PBS supplemented with 0.2% Triton X-100 and 5% normal goat serum) for 1 hour at room temperature. Sections and tissues on slides were labeled primary antibodies either at 4 C, over night or at room temperature for 2 hours, and free-floating sections for 24-72 hours at 4 C in staining solution (PBS supplemented with 0.1% Triton X-100 and 2% normal goat serum): anti-Iba1 (1:500), anti-MHCII (1:200), anti-Lyve1 (1:200), anti-CD206 (1:100) and anti-CD11c (1:40). After washing, samples were incubated either at 4 C overnight or for 1-2 hours at room temperature with the respective secondary antibodies (anti-rabbit, anti-rat, streptavidin, etc., 1:500-700). Washing was repeated and sections were mounted with 1 drop of IS mounting medium with DAPI (Dianova) or SlowFade Gold antifade reagent with DAPI (Invitrogen). Fluorescence photomicrographs were acquired on a Vectra3 (Perkin Elmer) fluorescence microscope using a x20 objective lens. Filters for AF488, AF546, AF647, AF 660 and DAPI were used for imaging tissues to facilitate subsequent unmixing of all colors according to their respective spectra.
Immunohistochemistry for neutrophils
Mice were transcardially perfused using 4% (wt/vol) PFA. The fur was removed and heads (including the skull and brain) were transferred into USEDECALC solution for 6 days (MEDITE Cancer Diagnostics, USA) and decalcified using ultrasonic decalcifying automate USE 33 (MediteÒ GmbH, Switzerland). Specimens were subsequently sectioned into 3 mm slices and embedded in paraffin for further histological processing. Antigen retrieval was performed on sections by microwave heating at 98 C for 15 min (microMED T/T Mega, Hacker-Milestone) in citrate buffer (0.01M citric acid, pH6).
For brightfield immunostaining, endogenous peroxidases were neutralized by incubation in PBS supplemented with 3% H 2 O 2 , and non-specific binding blocked using PBS supplemented with 10% FCS. Tissue sections were incubated with unconjugated anti-Ly6G (1:1000). Bound primary antibody was visualized with biotin-labeled anti-rat antibody and streptavidin-peroxidase staining method using polymerized 3,3 0 -diaminobenzidine (all reagents from Dako; Haemalaun counterstaining of nuclei). For immunofluorescence staining, non-specific binding was also blocked using PBS supplemented with 10% FCS. Sections were subsequently incubated with unconjugated anti-Ly6G (1:500) and with rabbit anti-vWF antibody (1:1000). Bound antibodies were visualized with AF555-labeled donkey anti-rabbit (1:200) and Cy3-labeled goat anti-rat (1:200) secondary antibodies. Nuclei were stained with DAPI (1:5000). All antibodies were diluted in DAKO RealÔ Antibody Diluent.
QUANTIFICATION AND STATISTICAL ANALYSIS
Pre-processing of mass and flow cytometry data For mass cytometry data live cells were exported by manual gating on Event_length, DNA (191Ir and 193Ir) , and live cells (195Pt) using FlowJo software (Tree Star), as previously described (Mrdjen et al., 2017) . Next, cells were assigned to their initial samples using Boolean gating in FlowJo. Background subtracted.fcs files were exported from FlowJo, imported into the R environment and transformed using an inverse hyperbolic sine (arcsinh) function with a cofactor of 5 (Bendall et al., 2011) . For flow cytometry data, after compensation correction in FlowJo, live, single, background subtracted and compensated cells were exported by manual gating. Samples were not barcoded so debarcoding was not necessary. The appropriate transformation cofactors were determined by uploading the files into Cytobank (https://www.cytobank.org) (Kotecha et al., 2010) and using the Scales feature; thereafter transformation was carried out in MATLAB and transformed files were imported into the R environment for further pre-processing and analysis. To equalize the contribution of each marker in subsequent automated data analysis steps of mass and flow cytometry data, we performed percentile normalization (Levine et al., 2015) , normalizing all data to the 99.9 th -99.99 th percentile of the merged sample in each experiment, depending on the number of outliers present. This preserves inter-sample variability in maximum expression values, which might be biologically relevant, and normalizes inter-marker maximum expression values, while maintaining original staining indices.
Automated population identification in high-dimensional data analysis Pre-processing of the raw data was followed by dimensionality reduction and visualization by t-Distributed Stochastic Neighbor Embedding (t-SNE) (Mair et al., 2016; Van Der Maaten and Hinton, 2008) with parameters as listed in the figure legends, clustering with FlowSOM into initial 100 nodes (Van Gassen et al., 2015) , followed by expert-guided manual metaclustering using the t-SNE with overlaid marker expression values and a heatmap of median expression values of the initial automated 100 FlowSOM nodes (Hartmann et al., 2016) . In some cases, major cell populations were separated for further clustering into subsets. When comparing different groups, for example steady state and EAE samples, the t-SNE and clustering analyses were performed on the combined datasets. Force-and landmark-directed maps were generated with a modified version of the Scaffold application (Spitzer et al., 2015) , and landmark populations that were manually gated in FlowJo and exported. We used the 100 initial FlowSOM nodes as
